, as the temperature increases from 380 K to 460 K. A weak ferromagnetism was observed via magnetic hysteresis loops up to 300 K. 2 suffer from the drawbacks of a high leakage current at room temperature or a low temperature for the appearance of multiferroic properties. Recently, multiferroics with double-perovskite structures Bi 2 ðB 0 B 00 ÞO 6 (where B 0 has partially filled e g -orbitals and B 00 has empty e g -orbitals, or vice versa) were identified as a potential candidate that may provide a unique opportunity to promote multiferroic behaviors. 3 Some of candidates have been investigated, such as Bi 2 FeCrO 6 (Ref. 4 ) and Bi 2 NiMnO 6 . 5 However, few researchers have focused on the multiferroic double perovskite Bi 2 FeMnO 6 (BFMO). [6] [7] [8] [9] [10] Other interesting properties that could be anticipated from these double-perovskite multiferroics are the relaxor behaviors due to its B-site fluctuation in While numerous works of double-perovskite multiferroics have been made on BFMO films, 6-10 most of the studies were mainly focused on the magnetic properties of BFMO films. Very little work to date has been done on electric properties of BFMO films. In this study, the structural, electric, and magnetic properties of BFMO films epitaxially grown CaRuO 3 /SrTiO 3 (CRO/STO) substrates were investigated. Interestingly, we found that the BFMO films exhibit not only the properties of an electric relaxor but also those of a magnetic relaxor, to be referred to as birelaxor.
Stoichiometric Bi 2.2 FeMnO 6 ceramic target was prepared using a conventional solid reaction. A XeCl excimer laser (Compex205, k ¼ 308 nm) of 1.5 J/cm 2 and 2 Hz was used to fabricate the films. The BFMO film was deposited on a CRO layer at temperature 650-730 C under 0.4 mbar oxygen pressure. After the fabrication, the heterostructures were in-situ annealed for 25 min at an oxygen pressure of 0.8 mbar and then cooled down to room temperature. The thicknesses of the BFMO and CRO layers were about 180 and 60 nm, respectively. For the electrical characterization, 200 nm Pt upper electrodes were deposited using magnetron sputtering through a metal shadow mask.
The phase identification was performed by a Philips X'Pert high resolution diffractometer. Dielectric properties of the BFMO/CRO heterostructures were measured using a HP4284a precision LCR meter. Polarization-voltage hysteresis loops were recorded using an aixACCT TF analyzer 2000. The temperature of the samples was stabilized using a CryoLab202 continuous-flow cryostat in the range from 150 K to 500 K. Magnetic properties were measured using a QD-MPMSXL5 superconducting quantum interference device magnetometer.
Figure 1(a) shows a h-2h XRD linear scan of BFMO/ CRO heterostructures on (001) STO crystal using CuK a1 (k ¼ 1.5406 Å ) radiation. Only the (h00) BFMO and (00l) CRO reflections were observed, indicating the epitaxial growth of BFMO and CRO layers with the c-axes perpendicular to the STO substrate surface. The out-of-plane lattice parameter of BFMO film was estimated to be 3.952 Å from its (h00) reflections (2dsinh ¼ k). Fig. 2(b) , we show the temperature dependence of macroscopic P À E hysteresis loops in BFMO films measured at 1 kHz. At temperature 350 K, an ellipselike shape was observed due to the considerable leakage currents at T $ T m . It can be seen that the lossy P À E loop gradually transforms to a well defined and saturated loop with decreasing temperature. Note that the remnant polarization (P r ) and coercive field (E c ) at T < 250 K were measured at $23 lC/cm 2 and $143 kV/cm, respectively. Those obtained values are considerably lower than that of Nd:BiFeO 3 /Bi 2 FeMnO 6 bilayer (54 lC/cm 2 , 237 kV/cm) due to the presence of Nd:BiFeO 3 layer in the bilayer. 8 In order to gain further insight on the presence of local PNRs in BFMO films, we examine the electric-field dependence of the dielectric constant e r ðEÞ using the LandauDevonshire theory by incorporating the cluster polarization contribution due to the reorientation of random-field-induced PNRs. 19 Based on the model, the relation of e r ðEÞ versus E is given by e r ðEÞ ¼ e r ð0Þ=f1 þ a½e 0 e r ð0Þ 3 E 2 g 1=3 þ P 0 x=e 0 ½coshðExÞ 2 ;
where x ¼ P 0 L 3 =ð2k B TÞ with the cluster polarization P 0 and dimension L, e r ð0Þ and e 0 are the dielectric permittivity at zero field and that of vacuum, and a is a parameter associated with anharmonic contributions. The first term on the righthand of Eq. (2) is the Johnson relationship from LandauDevonshire theory, describing the typical dielectric behaviors in paraelectric phase. The second term on the right-hand of Eq. (2) corresponds to the contributions from the Langevintype re-orientational polar clusters. In Fig. 3(a) , the e r ðEÞ curves were fitted at three typical temperatures, 380 K, 420 K, and 460 K. It was found that the contributions of PNRs to the total dielectric permittivity at zero fields are 48.1%, 32.4%, and 7.4%, respectively. Figure 3(b) shows the fitting parameters of polarization and size of the PNRs as a function of temperature using the multi-polarization mechanism model. The result reveals that the polarization of PNRs decreases from 0.67 lC/cm 2 to 0.11 lC/cm 2 with increasing the temperature from 380 K to 460 K. ceramics. 20 Here, the origin of PNRs in the BFMO film can be attributed to following reasons: (i) the nanoscale compositional inhomogeneities induced by the B-site compositional substitution between Fe 3þ /Mn 3þ in BFMO films result in local PNRs with a lower symmetry; 21 (ii) the presence of artificial defects (such as oxygen vacancies or Bi vacancies), impurities, and inhomogeneous strains generated in BFMO films may be another origin of the PNRs. 22 Figure 4(a) shows a strong frequency dispersion in the real part of ac magnetic susceptibilities in BFMO film [v ac ðf Þ $ T], suggesting a slow magnetic dynamic relaxation process. 23 The magnetic relaxation frequency x M 0 and the VF freezing temperature T M VF can be obtained from
where . This is expected due to the fact that electron dynamics is involved in T M VF , whereas T FE VF involves both the ion displacements and orderings. 17 Thus, we can confirm that the BFMO film exhibits not only an electric relaxor feature, but also a magnetic relaxor behavior. Figure 4 (b) shows the magnetic field (H) dependence of the in-plane magnetization (M) between 50 and 300 K. A slim and unsaturated M $ H hysteresis loop with M r $ 1 emu/cm 3 and H c $ 310 Oe was observed at 50 K, similar to the reported value in BFMO/Si films (330 Oe, 5 K). 7 Thus, the observation further supports the Fe-O-Mn ferrimagnetic transition at $140 K. Above T M VF , the remnant magnetization M r and coercivity H c decrease with increasing temperature. The magnetic hysteresis loops was found to retain in the M-H curve up to 300 K. We believe that the magnetic hysteresis loops at 200 K and 300 K are closely related to the Mn-O-Mn antiferromagnetic ordering. 7 This is because the magnetization and coercive fields of the two loops exhibit nearly the same.
In summary, an epitaxial single-phase BFMO film was grown on (001) CRO/STO by pulse laser deposition (PLD). A VF relationship is used to describe the dispersions of the dielectric and magnetic susceptibilities in BFMO films. It is found that PNRs dynamics is involved at T 
